The application of power ultrasound sped up the drying kinetics at every temperature tested, achieving drying time reductions of up to 77%, which was linked to the improvement in diffusion and convective mass transport. In overall terms, ultrasound application involved a greater degradation of polyphenol and flavonoid contents and a reduction of the antioxidant capacity, which was related to the cell disruption caused by the mechanical stress of acoustic waves.
Abstract

23
Low-temperature air drying represents an alternative means to hot air drying of better 24 retaining the sensory, nutritional and functional properties of foods. However, reducing 25 the air temperature to figures below the product's freezing point involves low drying 26 rates, which largely places constraints on any further industrial application. The main 27 aim of this work was to evaluate the feasibility of using power ultrasound to improve the 28 low-temperature drying of apple, considering not only the kinetic effects but also the 29 influence on the antioxidant potential of the dried apple. The application of power ultrasound sped up the drying kinetics at every temperature tested, achieving drying time reductions of up to 77%, which was linked to the improvement in diffusion and convective mass transport. In overall terms, ultrasound application involved a greater degradation of polyphenol and flavonoid contents and a reduction of the antioxidant capacity, which was related to the cell disruption caused by the mechanical stress of acoustic waves. 
82
carrot and eggplant at -14ºC (García-Pérez et al., 2012a) and the drying time was
83
shortened by between 65 and 70%. Therefore, to confirm the potential of applying PU 84 during low-temperature drying, it should be investigated over a wide range of 85 temperatures both above and below the sample freezing point and it should not only be 86 the kinetics that are taken into consideration, but also issues of quality.
87
Dried apples can either be consumed fresh or used as a raw material in the processing 
120
Drying experiments were carried out in a convective drier with air recirculation ( Figure   121 1), already described in the literature (García-Pérez et al, 2012a 
156
In order to solve Equation 1, the initial moisture was assumed to be uniform and the 157 symmetry was considered in directions x, y, z. Two different approaches to the 158 boundary condition on the interface were taken into consideration. As a first approach, 159 the external resistance was considered negligible. Therefore, the surface moisture 
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In a second approach, the external resistance to mass transfer was also considered. 
208
placed into 20 mL of methanol (MeOH) (Scharlau, Barcelona, Spain) and homogenized 209 at 4ºC using an Ultra-Turrax® (T25 Digital, IKA, Germany), at 13,000 rpm for 1 min.
210
Then the homogenized solution was kept overnight in refrigeration. After that, the sample's freezing point (0, 5 and 10ºC), the water was removed from the solid matrix by evaporation, while for temperatures below freezing point (-5 and -10ºC), it was removed by sublimation. In this last case, according to the "uniformly retreating ice front" theory (URIF) (Claussen et al., 2007), sublimation happens in the ice front and the water vapor moves through the dry layer to the sample surface. It can be observed that, at temperatures above freezing point (0, 5 and 10ºC), the lower the temperature used, the longer the drying time (Figure 2A) , which is the typical behavior found in foodstuffs drying. Likewise, the drying process at -5ºC was faster than at -10ºC.
However, when experiments below and above freezing point are compared, it was found that experiments carried out at -5ºC were faster than those carried out at 0 and 5ºC ( Figure 2A ) and the drying rate of experiments performed at -10ºC was quite similar to at 0ºC. This fact is probably linked to the degradation of the sample's structure produced by the prior freezing of samples dried at -5 and -10ºC, which can make the water removal easier. In this sense, Eshtiaghi et al. sped-up the drying of green beans, carrots, potatoes and bananas. In addition, the drying rate at 0ºC, and considering the temperature drop ascribed to water evaporation, could be also limited because part of the energy was used for providing the necessary latent heat for water freezing or thawing. A similar effect of the drying temperature was observed in experiments with ultrasound application (AIR+US, Figure   2B ).
269
Applying PU greatly increased the drying rate of apples at all the temperatures tested.
270
The reduction of the drying time brought about by PU application was similar in the 271 experiments carried out at 10, 5, 0 and -5ºC (around 60%). However, an average waves that cause a reduction of both the internal and external resistances to mass transfer. On the one hand, PU generates alternating expansions and contractions when travelling in a solid medium, this mechanical stress helps to make the water movement towards the product surface easier. In addition, ultrasound may also promote water sublimation since, to a certain extent, the attenuation of the acoustic wave may provide the energy needed for the water to change state (Gallego-Juárez, 2010). On the other hand, the application of ultrasound in solid/gas systems also produces a mechanical stirring of the gas medium caused by the generation of oscillating velocities, microstreaming and pressure variation on the interfaces, which reduces the boundary layer and, as a consequence, improves the movement of water from the solid surface to the air (Gallego-Juárez et al., 1999). Table 2 ).
First of all, it should be highlighted that the effective diffusivities identified for drying experiments carried out below and above the freezing point are not easily comparable.
At --10ºC (atmospheric freeze drying) and assuming the URIF theory (Claussen et al., 2007), vapor diffusion is only restricted to the dry layer. As drying progresses, the ice core shrinks and the dry layer is made thicker. In the diffusion model, the characteristic dimension for diffusion is considered constant, and equal to the half-length (L) of the cubic sample; as a consequence, the effective diffusivities identified at -10 and -5ºC are overestimated due to the fact that the real characteristic dimension is always The influence of temperature on D e can also be observed in Table 2 . Thus, in the range from 0 to 10ºC, the higher the temperature used, the greater the identified effective diffusivity. Likewise, for drying temperatures below freezing point, D e at -5ºC was higher than at -10ºC. However, the values of D e for the experiments at -5 and -10ºC
were similar to those obtained at higher temperatures (5 and 0ºC, respectively) due mainly to the effects of freezing on the product structure. The application of PU during apple drying significantly (p<0.05) increased the effective moisture diffusivity at all the temperatures tested ( Table 2 ). The increase in D e produced by PU application was of the same order at the drying temperatures of 10, 5, 0 and -5ºC, around 140%. However, for drying experiments carried out at -10ºC, the increase was found to be much higher (267%). This could be explained by the fact that drying at temperatures below the product's freezing point, where sublimation is the predominant water removal mechanism, converts the material into a highly porous (Table 3) , PU application involved a significant (p<0.05) increase in the effective moisture diffusivity (D e ) and mass transfer coefficient (k). It was observed that ultrasound application at every temperature led to a greater increase in D e than in k (Table 3 ). This fact was particularly noticeable at -5 and -10ºC, which suggests that ultrasound had a greater effect on internal transport than on external. Therefore, ultrasound reduced the role of diffusion in mass transport rate control and lent more significance to convection, which explains the fact that D model provided a poor fit at -5 and -10ºC in AIR+US experiments. The improvement in D e and k brought about by PU application in experiments performed at -10ºC (501 and 148%, respectively) was more marked than at -5ºC (263 and 96%); this could in all likelihood be explained by considering the more porous structure of the dried product when drying at -10ºC, because, at this temperature, the water was totally frozen. At -5ºC, however, the water of the apple samples would only be partially frozen since the freezing temperature of apple is around -5±0.3ºC
(Cornillon, 2000) taking the ºBrix of fresh apple into account (12.2±0.6ºBrix). Therefore at -5ºC, a combined sublimation/evaporation could be found.
374
Antioxidant potential
375
In order to determine the influence of both PU application and the drying temperature 
479
The DPPH assay is based on the measurement of the scavenging ability of considered their total reduction (100%). At every temperature tested, the AIR+US samples presented a greater degradation than the AIR ones, although the differences were only significant (p<0.05) at 10ºC. This indicates that PU application has no effect on the AC degradation measured by the DPPH assay, except for experiments carried out at 10ºC.
494
In overall terms, it should be emphasized that under every experimental condition 495 tested, the drying process caused degradation in the AC of the fresh apple, regardless In this work, the feasibility of applying PU to increase the mass transfer rate during lowtemperature drying has been demonstrated. Thus, a maximum drying time reduction of 76.5% was achieved by PU application. Water transport followed a clear diffusion pattern for cubic samples, except for experiments with PU application carried out at -5 and -10ºC, because the ultrasonic energy modified the mass transport controlling mechanisms, decreasing the internal mass transfer resistance more than the external.
Thus, the effective diffusivity and the mass transfer coefficient were increased by up to 501 and 148%, respectively. As regards antioxidant potential, in overall terms, ultrasound application involved a greater degradation of polyphenol and flavonoid contents and a reduction of antioxidant capacity, which was linked to the cell disruption under acoustic stress. Therefore, PU can be used to speed-up the low-temperature drying processes and further works should focus on determining the energy budget for the scaling-up and elucidating if the time saving is linked to a less energy consumption. 
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